Targeted deletion of mXinα results in cardiac hypertrophy and cardiomyopathy with conduction defects (Gustafson-Wagner et al., Am. J. Physiol. Heart & Circ. Physiol. 2007 in press). To understand the underlying mechanisms leading to such cardiac defects, the functional domains of mXinα and its interacting proteins were investigated. Interaction studies using coimmunoprecipitation, pull-down and yeast twohybrid assays revealed that mXinα directly interacts with β-catenin. The β-catenin-binding site on mXinα was mapped to amino acid #535-636, which overlaps with the known actinbinding domains composed of the Xin repeats. The overlapping nature of these domains provides insight into the molecular mechanism for mXinα localization and function. Purified recombinant GST-or His-tagged mXinα proteins are capable of binding and bundling actin filaments, as determined by cosedimentation and electron microscopic studies. The binding to actin was saturated at an approximate stoichiometry of 9 actin monomers to one mXinα. A stronger interaction was observed between mXinα Cterminal deletion and actin as compared to the interaction between full-length mXinα and actin. Furthermore, force-expression of GFPfused to mXinα C-terminal deletion in cultured cells showed greater stress fiber localization compared to force-expressed GFP-mXinα. These results suggest a model whereby the Cterminus of mXinα may prevent the full-length molecule from binding to actin, until the β-catenin binding domain is occupied by β-catenin. The binding of mXinα to β-catenin at the adherens junction would then facilitate actin binding. In support of this model, we found that the actin binding and bundling activity of mXinα was enhanced in the presence of β-catenin.
2 behind mXinα functions remains to be elucidated. The first step toward answering this question is to characterize the functional domains on mXinα and its interacting partners.
Study with the human homologs (hXinα, also termed Cmya1 and hXinβ, also termed Cmya3) of mXinα and mXinβ reveals that the Xin repeats bind actin filaments in vitro, and that a minimum of 3 Xin repeats is required for the detectable binding (3) . Therefore, Xin proteins should have multiple independent actin-binding sites, which could then cross-link actin filaments into a loosely packed meshwork. This cross-linking activity has been demonstrated only with recombinant protein containing 3~16 Xin repeats from hXinα (3,7) but not with full-length hXinα protein. Additional studies with hXin demonstrated the ability of hXin to directly bind to filamin c, Mena/VaSP, as well as colocalize at the intercalated discs, suggesting that Xin may play a role in remodeling of the actin cytoskeleton (8) . However, it is unclear why in the heart, mXinα does not associate with actin thin filaments, but rather colocalizes with β-catenin and N-cadherin at the intercalated disc. In the chicken heart, cXin is also associated with the Ncadherin/β-catenin complex, as demonstrated by co-immunoprecipitation (co-IP) experiments (6) . Thus, the molecular mechanisms underlying the role of Xin in cardiac morphogenesis and myofibrillogenesis remain to be elucidated.
In this study, we gained further insight into the function of mXinα through the identification of mXinα binding partners, including β-catenin and actin. Additionally, we have mapped the β-catenin binding domain to aa residues #535-636 of mXinα, which overlaps with the actin binding domain. To gain further insight into Xin's involvement with the actin cytoskeleton, we further studied the significance of Xin's actin binding ability. We have found that recombinant full-length mXinα protein aggregates actin filaments into ordered actin bundles, as observed by negative staining electron microscopy. Fulllength mXinα interacts with actin weaker than its C-terminal deletion mutant, which lacks the β-catenin binding domain and the C-terminus, but retains most of the Xin repeats. The binding of mXinα to actin filaments can be further enhanced by the presence of β-catenin. From these results, we propose a model in which the β-catenin binding domain and the C-terminus of mXinα prevent an interaction between full-length mXinα and actin (an auto-inhibited state), until the β-catenin binding domain is occupied by β-catenin. The binding of mXinα to β-catenin at the adherens junction of the intercalated disc would then enable subsequent actin binding and bundling (an open state).
Experimental Procedures
Yeast two-hybrid assay and library screeningProtein-protein interactions between mXinα and either β-catenin or N-cadherin were tested utilizing the Matchmaker Two-Hybrid System 3 (Clontech, Palo Alto, CA) in yeast strain AH109. Full-length mXinα cDNA (1) was subcloned into the SalI/SmaI sites of pEGFP-C2 (Clontech). The resulting plasmid pEGFP-mXinα was used for constructing various deletions by PCR-based mutagenesis. The mXinα cDNA and several deletion fragments were subcloned into the SalI/SmaI sites of the pGBKT7 vector. The fulllength construct (pGBKT7-mXinα) encodes aa#1-1129 of mXinα. The mXinαRΔ-1, -2 and -3 constructs (pGBKT7-mXinαRΔ-1, 2 and 3) represent mutants with a deletion of the first half (aa#73-361), the second half (aa#362-746), and all (aa#73-746), respectively, of the Xin repeats. The mXinαCΔ is a C-terminal deletion construct (pGBKT7-mXinαCΔ) encoding aa#1-532. Another construct, pGBKT7-β-catBR, encoding aa#533-746, was PCR amplified using the following primers: 5'AGTACCATCGATGTGGTACG3', and 5' AGCCCATGGGACAGTTTTC 3'. The resulting product, after ClaI/NcoI digestion and fill in with the Klenow fragment, was subcloned into the SmaI site of pGBKT7. This β-catenin binding region was further divided into 4 fragments (fragment CA, AP, PN, and CP), each of them flanking with a pair of either ClaI, ApaI, PstI or NcoI digestion sites. Primer pairs used to generate these fragments were: 5'-AGTACCATCGATGTGGTACG-3' and 5'-CAGAGAGATTGGGGCCCTTTCAT-3' for the CA fragment, 5'-ATGTTTGGGCCCCAATCTCTG-3' and 5'-CACCCGGCTGCAGTACCTTAC-3' for the AP fragment, 5'-GTAAGGTACTGCAGCCGGGTG-3' and 5'-AGCCCATGGGACAGTTTC-3' for the PN fragment and 5'-AGTACCATCGATGTGGTACG-3' and 5'-CACCCGGCTGCAGTACCTTAC-3' for the CP fragment. The individual PCR amplified fragment was then digested with the respective enzymes, Klenow-filled in, and subcloned into the SmaI site of the pGBKT7 vector. The insert sequences of all constructs were confirmed with DNA sequencing at the Roy J. Carver Center for Comparative Genomics, department of Biological Sciences, University of Iowa.
To construct pGADT7-β-catenin, pGEX-KG-β-catenin (a generous gift from Dr. Janne Balsamo, University of Iowa) was digested with BamHI, filled in, and subcloned into the NdeI site of pGADT7. To construct pGADT7-N-cadherin, the N-cadherin cytoplasmic domain was PCR amplified from the pSP72-N-cadherin (a gift from Dr. Janne Balsamo) with the primers: 5'ggaattcATGAAGCGCCGTGATAAGG 3' and 5'ccatcgatAATAAAAGCAATGCGATGTAAC 3'.
This PCR fragment was digested and subcloned into the EcoRI/ClaI sites of pGADT7. These prey constructs were separately transformed into AH109, which had been previously transformed with either full length mXinα or one of the deletion constructs. Direct interaction between the N-cadherin or β-catenin prey and the mXinα bait was determined using growth on selective media and a β-galactosidase (β-gal) expression (X-gal assay) as described in the TwoHybrid System user manual. A positive control was constructed to validate the yeast two-hybrid assay using p53 and the large T antigen. A negative control was constructed replacing β-catenin with the large T antigen.
In order to identify novel mXinα-interacting proteins, pGBKT7-mXinα was further used as bait to screen a custom Matchmaker cDNA library prepared from 5 week old rat hearts and constructed in pGAD10 vector by Clontech Laboratories, Inc. (Palo Alto, CA). After recovery of the positive prey plasmids and retransformation to confirm the true interaction, complete insert sequences were determined. Among 20 known and novel positive clones, two independent clones, pL1.192 and pL2P6, encoding aa#1-258 and aa#1-215, respectively, of rat cardiac α-actin as well as a clone, pL2P10, encoding aa#497-780 of rat gelsolin were obtained and reported here as mXinα-interacting proteins. In another screening using a pretransformed mouse 17-day embryo Matchmaker cDNA library constructed in the pACT2 prey vector, and a custom adult mouse heart Matchmaker cDNA library constructed in the pGADT7-RecAB prey vector, two independent clones, p4Q39 and p4Q79, each encoding fulllength mouse cardiac α-tropomyosin, and another clone, pL3Q8, encoding aa#2,533-2,603 of mouse filamin b were obtained and reported here. In addition, full-length cDNAs for p120 catenin (a generous gift from Dr. Janne Balsamo), talin (a generous gift from Dr. Richard Hynes, MIT) and vinculin (a generous gift from Dr. Wolfgang Goldman, University of Erlangen, Germany) were individually subcloned into pGADT7 plasmids and used as preys in yeast two-hybrid assay to test whether these proteins interact with mXinα. Constructions of plasmids and purification of recombinant proteins-Expression plasmid pGEXmXinα for GST-mXinα fusion protein was constructed by ligating EcoRI mXinα cDNA insert from pGBKT7-mXinα with EcoRI digested pGEX4T-1 vector. Another expression plasmid, pET30-mXinα, for HismXinα fusion protein was derived from the SalI/SmaI mXinα fragment (5.6kb) of pGEM3ZmXin3 subcloned into the XhoI(fillin)/SalI sites of pET30a vector. pGEX-KG-β-catenin was used for the production of GST-β-catenin fusion protein. Recombinant proteins were expressed in E. coli BL21(DE3)pLysS cells and purified by Glutathione-sepharose 4B column for GST-tagged proteins or His GraviTrap column for His-tagged proteins (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) according to the manufacture's protocols.
Co-immunoprecipitation(Co-IP), pull-down assay
and Western blot analysis-Adult mouse hearts were homogenized in IB buffer: 20 mM phosphate buffer pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS and protease inhibitor cocktail (Roche, Germany). The homogenate (150µg total protein/immunoprecipitation) was cleared by centrifugation at 12,000xg for 15 min and incubated with anti-β-catenin, anti-N-cadherin, anti-p120 catenin, anti-plakoglobin, anti-filamin c, anti-vinculin or control mouse serum for 2h, 4 followed by protein G-sepharose beads (GE Healthcare) for 1h, at 4 o C. The beads were washed 3 times with IB buffer and once with PBS. The bound proteins were eluted in SDS-PAGE sample buffer, fractionated by 7.5% SDS-PAGE and immunoblotted with anti-mXinα U1013 antibody or anti-β-catenin as described previously for Western blot analysis (5) .
For the pull-down assay, various amounts (5-60 nM) of recombinant His-mXinα were mixed with 30 nM GST-β-catenin in binding buffer containing 20 mM HEPES buffer pH 7.5, 100 mM KCl, 1 mM DTT (dithiothreitol), 0.1% Triton X-100 and 2.5 mM PMSF (phenylmethanesulfonyl fluoride) for 2h at 4 o C. The mixture was immunoprecipitated with a monoclonal anti-β-catenin antibody. The immunoprecipitate was further analyzed by Western blot with polyclonal anti-mXinα antibody as described above. Actin binding assay-Rabbit skeletal muscle actin (>99% pure) was purchased from Cytoskeleton, Inc. (Denver, CO) and used in a slightly modified actin binding assay as described previously (9) . Briefly, Actin (9.3 µM) and various amounts of His-mXinα (0~7.64 µM) or GST-mXinα were mixed in 100 µl of 10 mM HEPES buffer pH 7.5, 100 mM KCl, 0.05% Triton X-100, 0.1 mM DTT, 0.1 mM ATP and 1.5 mM MgCl 2 in the absence or presence (1.95 µM) of GST-β-catenin. The mixtures were incubated at room temperature for 30 min and centrifuged for 30 min in a Beckman airfuge at 26 psi high speed centrifugation (100,000xg) to separate bound and unbound fractions. To test the cross-linking or bundling activity of recombinant mXinα, the protein mixed with actin was centrifuged at low speed centrifugation (10,000xg) for 15 min. Under this condition, actin filaments remain in the supernatant except cross-linked or bundled filaments formed by binding proteins. Aliquots of the supernatant and pellets were analyzed by 7.5% SDS-PAGE and the protein bands after stain were quantified as described (9) . Cell culture, DNA transfection and fluorescence microscopy-The mouse skeletal muscle cell line, C2C12, was grown on glass coverslips in DME low glucose medium plus 5% fetal bovine serum (FBS) and 15% defined supplemented calf serum in a humidified incubator at 37 o C with 5% CO 2 . Chinese Hamster Ovarian (CHO) cells were grown on glass coverslips in DMEM plus 10% FBS. Myoblasts or CHO cells were transfected with pEGFP-C2 (empty vector control), pEGFPmXinα, pEGFP-mXinαRΔ-1, -2, -3 or pEGFPmXinαCΔ using Lipofectamine PLUS reagent (Life Technologies, Rockville, MD) as previously described (6) . After 24h, cells on coverslips were fixed in 3.7% formaldehyde, and either processed for immunofluorescence microscopy with a monoclonal anti-vinculin antibody (Sigma) and a rhodamine-conjugated goat anti-mouse secondary antibody or directly mounted onto glass slides and observed under a Zeiss epifluorescence photomicroscope III. The fluorescence and phasecontrast images were collected with a Leica digital camera and processed using Adobe Photoshop. Electron microscopy-Small aliquots (10µl) of actin and recombinant mXinα mixtures in the binding condition used for actin-binding assay were applied to carbon-coated Formvar grids and negatively stained with 1.0% uranyl acetate. Samples were then observed under a JEOL 1230 transmission electron microscope at an accelerating voltage of 100 kV (Central Microscopy Research Facility, University of Iowa). The images were collected with Gatan CCD digital camera attached to the electron microscope. The thickness of the actin bundles was measured from images against a stained catalase resolution standard (Polysciences, Inc., Warrington, PA).
RESULTS

mXinα is associated with N-cadherin, β-
catenin and p120 catenin in adult mouse heart. The cXin gene is believed to play a vital role in cardiac morphogenesis (2) , likely through an association with N-cadherin and β-catenin (6) and the intracellular signaling at the adherens junctions of the intercalated discs. In the mouse heart, colocalization of mXinα with N-cadherin and β-catenin at the intercalated discs has been demonstrated throughout embryogenesis and adulthood (6) . Targeted deletion of mXinα in the mouse results in cardiac hypertrophy and cardiomyopathy with abnormal intercalated disc ultrastructure (5) . Although the underlying mechanism leading to cardiac defects remains unclear, a significant down-regulation of N-cadherin, β-catenin and p120 catenin is observed in the mXinα-null mouse heart (5). This suggests an association of mXinα with these adherens junctional components. To test this association, co-IP experiments were carried out using anti-Ncadherin, anti-β-catenin and anti-p120 catenin antibodies with adult mouse heart extracts. Western blot analysis with U1013 anti-mXinα antibody identified that both mXinα and the alternatively spliced isoform mXinα-a were present in the total extract, as well as in the anti-β-catenin immunoprecipitate, the anti-N-cadherin immunoprecipitate, and the anti-p120 catenin immunoprecipitate, but not in the control mouse serum immunoprecipitate (Fig. 1A, left panel) . As expected, anti-N-cadherin immunoprecipitate but not anti-plakoglobin immunoprecipitate also contains β-catenin (Fig. 1A, right panel) . These data suggest that mXinα and mXinα-a are indeed components of the N-cadherin/β-catenin/p120 catenin complex and, therefore, supports our finding of simultaneous down-regulation of these components in mXinα-null mouse heart (5). It should be noted that relatively more of the mXinα-a isoform was consistently found in these immunoprecipitates than mXinα, suggesting that these two isoforms may have slightly different mechanisms for association with the immunocomplexes. As we have previously showed, the minor isoform, mXinα-a, is encoded by an alternatively spliced mRNA with the inclusion of intron 2 from the mXinα gene (5) . Therefore, the aa sequences of both mXinα-a and mXinα are identical, except in the C-terminus, where the last two residues of mXinα are replaced with an additional 683 aa residues. This extra Cterminal sequence was also found in one (called Xin A) of the hXinα isoforms (8) . A filamin cbinding domain was previously mapped to the last 158 residues of this hXinα isoform, Xin A (8). When the co-IPs were further performed with antifilamin c or anti-vinculin antibody, the resulting immunoprecipitates contained both mXinα-a and mXinα ( Fig. 1A left panel) , suggesting that both of these mXinα isoforms are associated with focal adhesion components, in addition to the Ncadherin/catenin complex. The additional association between filamin c and mXinα-a in the extra C-terminal region may account for the observation of more mXinα-a associated with these immunoprecipitates, as mXinα lacks this region.
mXinα directly interacts with β-catenin. To examine whether a direct interaction between mXinα and β-catenin exists, co-IPs with purified proteins (Fig. 1B) and yeast two-hybrid assays ( Fig. 2) were carried out. Increasing amounts of purified, recombinant His-mXinα were mixed with GST-β-catenin in solution, followed by immunoprecipitation with monoclonal anti-β-catenin and Western blot analysis of the immunoprecipitate with U1013 anti-mXinα polyclonal antibody. As can be seen in Fig. 1B , a 30 nM concentration of GST-β-catenin was able to co-precipitate increasing amounts (5 ~ 60 nM) of His-mXinα protein. On the other hand, the immunoprecipitation in the absence of GST-β-catenin could not bring down His-mXinα protein.
These results clearly suggest a direct interaction between mXinα and β-catenin. The amount of His-mXinα brought down by 30 nM GST-β-catenin did not reach a plateau when 30 nM HismXinα were added, further suggesting that multiple mXinα-binding sites could be present in the β-catenin molecule, if mXinα functions as a monomer.
A yeast two-hybrid assay was also used to determine whether mXinα directly interacts with N-cadherin and β-catenin, and map the domain of these potential interactions, as we have shown that mXinα is part of the N-cadherin/β-catenin/p120 catenin complex (Fig. 1A) . Full-length mXinα cDNA and several deletions were constructed into pGBKT7 vector and used as baits ( Fig. 2A ). β-catenin or the cytoplasmic domain of N-cadherin served as the "prey" and were constructed into pGADT7. A direct protein-protein interaction was not observed for mXinα and N-cadherin (data not shown). However, as shown in Fig. 2B , mXinα, mXinαRΔ−1, and β-catBR, but no other deletions, directly interact with β-catenin and give rise to positive X-gal stain. These results demonstrate that the β-catenin binding region (β-catBR) on mXinα is localized within the region from aa#533 to #746. This region was shown to be both necessary and sufficient for the interaction with β-catenin. Interestingly, this β-catenin binding region is located within the last 4 Xin repeats of mXinα. As shown in Fig. 2C , this β-catenin binding region was further divided into 4 fragments (CA, AP, PN, and CP) and used as baits in yeast two-hybrid assay to map the minimal region for binding to β-catenin. Only CA and CP baits showed positive interaction with β-catenin prey (Fig. 2C) . Thus, the minimal β-cateninbinding domain resides in the CA fragment, located within aa# 535 to #636. The aa sequence alignment among Xin proteins from chick, mouse and human reveals high sequence identity within this β-catenin-binding domain ( Fig. 2D ): 57.8% between mXinα and hXinα, 53.9% between mXinα and mXinβ and 49.0% between mXinα and cXin. The secondary structure of this β-catenin-binding domain predicted by ChouFasman method (10,11) is composed of 39.2% and 35.3% of β-sheet and α-helix amino acids, respectively. Each of them forms two stretches,
mXinα binds and bundles actin filaments. It has been shown that recombinant Xin repeats from hXinα are capable of binding and cross-linking actin filaments (3, 7) . To test whether full-length mXinα also binds to actin filaments, recombinant GST-tagged or His-tagged mXinα was used in an actin binding assay as described in Experimental Procedures. After high-speed centrifugation (100,000xg for 30 min), both GST-mXinα and His-mXinα are co-sedimented with actin filaments into the pellet fraction (P in Fig. 3A tubes# 1-6 ). Under the same conditions, GST-mXinα or HismXinα alone remains in the supernatant (S in Fig.  3A tubes# [7] [8] . It is noted that GST-mXinα cosedimented with actin filaments appears to be more efficient than His-mXinα. Although the exact mechanism for the higher efficiency remains unknown, the fact that GST alone is able to form dimers in solution (12) likely provides some explanation. The binding of His-mXinα to actin filaments appears to be saturable (Fig. 3B) . The estimated molar ratio of actin to bound mXinα is 9.1 at saturation. It is known that purified actin filaments in solution could not be pelleted by lowspeed centrifugation (10,000xg for 15 min) unless the filaments become aggregates by actin crosslinking or bundling proteins. Fig. 4 shows the results of such low-speed co-sedimentation assay.
An increased amount of recombinant GST-mXinα can proportionally aggregate actin filaments (Fig.  4, lanes 2~6P ). Under this condition, GST-mXinα alone remained in the supernatant (Fig. 4 , lane 7S), actin filaments alone could not be sedimented (lane 1P), and recombinant GST by itself (lane 8P) or bovine serum albumin (BSA) (lane 9P) also could not aggregate actin filaments into the pellet (Fig. 4) . Similarly, we also found that HismXinα was able to aggregate actin filaments, as determined by low-speed co-sedimentation assay (Supplemental Figure 1) . These results suggest that full-length mXinα is capable of either crosslinking or bundling the actin filaments.
To distinguish these two activities, negatively stained actin filaments in the absence and presence of recombinant mXinα were examined under the electron microscope. Actin filaments alone are thin and long with average diameter of 6~8 nm (Fig. 5A) . At a ratio of actin to recombinant HismXinα of 5:1, actin filaments were aggregated into side-by-side bundles (Fig. 5B) . Similar bundling activity was also observed with GSTmXinα (Fig. 5C) . Furthermore, the size of the bundles which form parallel the concentration of His-mXinα used. At the molar ratio of actin to His-mXinα of 10:1 (black bars in Fig. 5D ), the average bundle sizes formed after 13 and 48 hrs of incubation are significantly smaller than that formed at the ratio of 5:1 (shaded bars in Fig. 5D , p<0.05), suggesting that the bundling reaction is mXinα concentration dependent. Although there was no transverse band observed in these actin bundles, at higher concentrations of His-mXinα (actin to mXinα ratio of 1:2), individual actin filaments appeared to be decorated by mXinα with a periodicity of 36.0±0.4 nm (n = 129) (Fig. 5E) . The nature and significance of this periodicity remain to be determined.
The β-catenin-binding domain and the Cterminal half of mXinα prevents ectopically expressed mXinα from localizing to stress fibers within C2C12 myoblasts. Recombinant mXinα and its Xin repeat region bind and aggregate actin filaments in vitro; however, in the adult mouse heart, the mXinα protein does not associate with actin thin filaments, instead, mXinα preferentially localizes to the intercalated discs. Undifferentiating C2C12 myoblasts do not express mXinα (13); however, upon differentiation, mXinα expression in myotubes is localized to a few stress fibers and near the periphery of the cell (6) . The protein domain responsible for its localization was investigated in the C2C12 cells by transient transfections with plasmids expressing GFP fused to mXinα or to its various deletion mutants. Control C2C12 myoblasts transfected with pEGFP-C2 vector alone showed diffusely distributed GFP at the perinuclear region and in the nucleus (Fig. 6A) . In contrast, myoblasts transfected with pEGFP-mXinα exhibited some GFP-mXinα fusion protein localized to stress fibers (Fig. 6B) , whereas cells transfected with pEGFP-mXinαRΔ-3, which lacks all 15 Xin repeats and the β-catenin-binding domain, showed very little stress fiber localization and mostly a diffuse distribution of GFP-mXinαRΔ-3 (Fig. 6C) . When the C-terminal deletion construct was used, pEGFP-mXinαCΔ, which also lacks the β-cateninbinding domain as well as the C-terminal prolinerich region, transfected cells demonstrated increased stress fiber localization and peripheral localization of GFP-mXinαCΔ (Fig. 6D) . Nearly 100% of pEGFP-mXinαCΔ transfected myoblasts had clearly visible stress fiber and peripheral staining, whereas only <50% of myoblasts transfected with other plasmids exhibited such localization. All transfected proteins associated with stress fibers colocalized with either vinculin or phalloidin within myoblasts (data not shown). Interestingly, cells transfected with pEGFPmXinαRΔ-3, lacking all 15 Xin repeats and β-catenin-binding domain, appeared to have inhibited cell spreading ability and a smaller cell size. The differences in cell size and shape were further characterized in transiently transfected CHO cells using the 2D dynamic image analysis software (2D-DIAS) program (14-16). Transfection of the full-length mXinα (pEGFPmXinα) did not appear to affect cell size and shape compared to the control pEGFP-C2 vector transfection, as measured through mean cell area (µm 2 ), perimeter (µm) or roundness (%) ( Table 1) . However, transfection of pEGFP-mXinαRΔ-3 significantly reduced cell area and roundness as compared with the full-length or control vectors (Table 1) . These results suggest that the β-catenin-binding domain together with the Cterminus of mXinα may inhibit stress fiber localization of expressed GFP-mXinα. The Xin repeats appeared to be important for cell shape and size determination.
Function of the Xin repeats in stress fiber localization. In order to determine the function of the Xin repeats in mXinα, CHO cells expressing GFP fused to mXinα or to its various deletion mutants were counterstained with monoclonal anti-vinculin antibody and rhodamine-conjugated secondary antibody and then analyzed under the fluorescence microscope. A representative GFP image and its merged image with vinculin localization from each transfected cell line are shown in Fig.7 . The vinculin staining at the focal adhesion site was used to confirm the stress fiber localization of GFP fusion proteins. It is clear that an increasing association of GFP fusion protein with stress fibers is seen in the following order: GFP-mXinαRΔ-3 (Fig. 7A,B) < GFP-mXinαRΔ-1 (Fig. 7C,D) < GFP-mXinαRΔ-2 (Fig. 7E,F ) < GFP-mXinα (Fig. 7G,H ) < GFP-mXinαCΔ (Fig.  7I,J) . These results are consistent with that obtained from transfected C2C12 myoblasts (Fig.  6 ).
For quantification, randomly selected cells from each transfected cell line were scored for the frequency of force-expressed GFP-signal associated with detectable stress fibers, and then grouped into 4 categories: group I ~IV (cells with 0, 3-10, 10-20 and >20 stress fibers, respectively). As shown in Table 2 , deletion of the last 7 Xin repeats in mXinαRΔ-2 leads to a weaker stressfiber association (a significant increase in group II) compared to the wild-type mXinα construct with the 15 Xin repeats (p<0.01, chi square test) However, deletion of the first 8 Xin repeats (mXinαRΔ-1) results in an even weaker association with stress fibers (a significant decrease in group II, p<0.025, and a significant increase in group III, p<0.0001). Force-expressed mXinαRΔ-3 which completely lacks the Xin repeats as well as the overlapping β-cateninbinding domain, totally abolishes the stress-fiber association (almost all cells are categorized into group I). Thus, the extent of stress fiber association is roughly proportional to the number of the Xin repeats present in these force-expressed proteins. However, the mXinαCΔ construct, which contains 10 Xin repeats but lacks the β-cateninbinding domain and the C-terminus of the mXinα protein, exhibits an even stronger stress fiber association than the wild type mXinα with 15 Xin repeats (increased group IV cells, p<0.025). This result again suggests that the β-catenin-binding domain and the C-terminus of mXinα may play an inhibitory effect on actin association.
It is known that a minimum of 3 Xin repeats is required for actin binding (3) Table 2 ) are further consistent with the inhibitory role of the β-catenin-binding domain and the C-terminus in the ability of mXinα to bind actin.
In a separate yeast two-hybrid assay to identify novel mXinα interaction partners, a rat heart cDNA yeast two-hybrid library was screened using mXinα as bait. From this screen, we obtained two independent clones, pL1.192 and pL2P6, encoding aa#1-258 and aa#1-215, respectively, of cardiac α-actin. Interestingly, the interaction between actin and mXinαCΔ appeared to be stronger, as observed with more β-galactosidase activity (stronger blue), than that between actin and mXinα in yeast cells grown on nutritionally selective plates containing X-gal (Fig.  8A) . Using liquid culture assay with ONPG as substrate for β-galactosidase to quantify the amounts of reporter gene expression after bait and prey interaction in yeasts (Clontech Two-Hybrid system user manual), we found about 3.6-folds higher β-galactosidase expression in the cells with mXinαCΔ and actin interaction as compared to that in the cells with mXinα and actin interaction. These results are also in a good agreement with the idea that the β-catenin-binding domain and the C-terminus of mXinα prevent mXinα's binding to actin filaments.
In addition to two cardiac α-actin clones obtained from yeast two-hybrid library screening, we have also identified several positive clones, encoding fragments of known actin-binding proteins, including filamin b (aa#2,533-2,603), muscle α-tropomyosin (full-length aa#1-294) and gelsolin (aa#497-780). Re-transformation of these prey plasmids with the mXinα bait in yeast confirmed the interactions, as all shown blue color in colony-lift β-galactosidase filter assay (Fig.  8B) . Under the same condition, full-length p120 catenin and full-length vinculin preys also gave the positive interaction with mxinα, whereas fulllength talin prey as a negative control did not interact with mXinα  (Fig. 8B) .
The presence of β-catenin enhances mXinα binding to actin filaments in vitro.
We have shown that the β-catenin binding domain overlaps with the 12 th and 13 th Xin repeats, and that the β-catenin binding domain and the C-terminus of mXinα together prevent mXinα from binding to actin stress fibers. These results led us to ask whether the binding of β-catenin to mXinα would release the inhibition and then enhance the actin binding. To address this question, we performed an actin binding co-sedimentation assay and a quantitative measurement of sizes of actin bundles formed by His-mXinα in the absence and presence of GST-β-catenin. As expected, in the absence of GST-β-catenin, the amounts of His-mXinα co-sedimented with actin filaments increased as increasing amounts of His-mXinα were used in the cosedimentation assay (Fig. 9) . In the presence of β-catenin, the amounts of His-mXinα co-pelleted with actin appeared to increase about 2 fold (Fig.  9) . The effects of β-catenin on mXinα's actin bundling activity were further analyzed by negative staining electron microscopy. In this experiment, His-mXinα alone or an equal molar mixture of His-mXinα and GST-β-catenin were pre-incubated on ice for 2 hrs and then mixed with actin filaments. At different time points (1.5, 8 and 30 min.), aliquots from the mixture were applied onto formvar grids and processed for negative staining. Samples were observed under JEOL-1230 electron microscope and 50 micrographic pictures were randomly taken from each sample. The width of all the bundles from the micrographs was quantified using the ImageJ program.
Substitution of GST-β-catenin in the mixture by GST was used as a negative control. With an increase in the incubation time, actin bundles formed by mXinα alone or a combination of mXinα and β-catenin increased in both numbers and sizes (Fig.10) . GST did not have significant effects on mXinα's actin bundling activity (data not shown). However, it is clear that in the presence of β-catenin, many more bundles were formed at given time point and also bigger bundles appeared more frequently (Fig. 10) . Thus, these results together support the idea that β-catenin binding to mXinα releases the inhibition of actin binding imposed by the β-catenin-binding domain and the C-terminus, and then facilitates the mXinα's actin binding/bundling activity.
Discussion
Model for how mXinα functions at the adherens junction of the heart. In the present study, we have shown that β-catenin is capable of directly interacting with aa#535-636 of mXinα. Through this interaction, mXinα can subsequently enhance its ability to bind and to bundle actin filaments. Furthermore, through this interaction, mXinα can then associate with the N-cadherin/β-catenin/p120 catenin adhesion complex and play pivotal role in vivo, as evidenced by the cardiac defects observed in the mXinα-null mice (5). The finding that β-catenin-binding domain on mXinα overlaps with actin binding Xin repeats provides a plausible explanation why mXinα is not associated with the actin filaments of sarcomeres, even though it contains 15 Xin repeats, which constitute multiple actin binding sites. Instead, mXinα is preferentially localized to the intercalated disc of the heart. The results presented here further imply that newly synthesized mXinα may be present in an auto-inhibited state, as far as actin binding is concerned, until the β-cateninbinding domain is occupied by the β-catenin. The binding of mXinα to β-catenin at the adherens junction would then change its confirmation into an open state, which would enable subsequent actin binding and bundling (Fig. 11) . In this regard, mXinα is an integral component of adherens junctions at the intercalated disc, where it links the N-cadherin-mediated adhesion complex to the actin cytoskeleton. In the present study, we have also provided strong evidence to support the proposed two states model for mXinα interaction with actin. First, a deletion of the β-cateninbinding domain and the C-terminus found in mXinαCΔ mutant allows the Xin repeats to be more readily exposed to bind actin and relieves the inhibition imposed by the deleted C-terminal fragment. As a result, mXinαCΔ strongly enhances its ability to interact with actin in yeast and to associate with actin stress fibers in both transfected C2C12 and CHO cells. Second, in the presence of β-catenin, both actin binding and bundling activities are significantly increased.
Adherens junctions at the intercalated disc function to connect the mature myocytes and provide the attachment sites at the membrane for myofibrils (17) . This function is dependent upon the assembly of the cadherin-catenin complex (18) . The highly conserved cytoplasmic domain of N-cadherin binds to β-catenin and/or plakoglobin (γ-catenin). p120-catenin, a distant relative of β-catenin, binds to the juxtamembrane region of cadherin and regulates cadherin turnover (19) . In a classic view, an actin bundling protein, α-catenin, then binds β-catenin to organize the adhesion complex that links to the actin cytoskeleton, either via a direct association with actin filaments or through an indirect association with actin binding proteins, including vinculin and α-actinin (20) . This stable linkage role for α-catenin has been recently proven to not exist in epithelial cells; instead, compelling evidence suggests that α-catenin is a molecular switch that binds E-cadherin-β-catenin and regulates actin dynamics at the adherens junctions of epithelial cells (21) (22) (23) . The component which then in fact makes this connection in epithelial cells remains unclear. In this study, we have shown that the mXinα protein is a potent actin bundling protein, which can additionally interact with β-catenin. Furthermore, β-catenin effectively enhances the binding of mXinα to actin filaments. mXinα localizes to the adherens junction in the intercalated disc of the heart (6). Thus, it is likely that mXinα provides a link between N-cadherin and actin cytoskeleton in cardiomyocytes. Supporting to this linkage role of mXinα, mXinα-null mouse hearts begin with abnormal intercalated disc ultrastructure as early as 3 months of age and exhibit cardiac hypertrophy and cardiomyopathy (5) . This structural alteration is accompanied by a disorganization of myofibrils at the intercalated disc and by a significant decrease in the expression of N-cadherin, β-catenin and p120-catenin (5), suggesting that hypertrophy may be due to impaired organization of the intercalated disc and instability of cell-cell adhesion. Although the lack of mXinα protein in the intercalated discs is the most straightforward explanation for the observed cardiac defects, there might still be other possibilities, such as the up-regulation of mXinβ in mXinα-null heart for partially contributing to the observed phenotype. We have shown here that over-expression of mutant mXinαRΔ-3 protein but not the wild-type mXinα protein in CHO cells altered cell size and shape. Therefore, it is unlikely that the up-regulation of wild-type mXinβ in the mXinα-null heart would be the major factor causing the observed cardiac defects.
mXinα contains a novel β-catenin-binding
domain. The amino acid sequence from #613 to #685 of mXinα, which overlaps slightly with the identified β-catenin-binding domain (aa#535-636), shows a 30% sequence identity (39% similarity) to aa#2237-2305 of adenomatous polyposis coli (APC), a known β-catenin binding protein involved in canonical Wnt signaling (24) . Despite this similarity, APC does not use this region to bind β-catenin. Instead, the β-catenin-binding domain on APC has been mapped to aa#1014-1210, containing 3 of 15-aa repeats (25) (26) (27) . Moreover, the β-catenin-binding domain of mXinα is different from the β-catenin-binding domains found in axin (28) (29) (30) , α-catenin (31), Ncadherin (32) , and Tcf (33, 34) . Therefore, mXinα possesses a novel β-catenin-binding domain. As shown in Fig. 2D , this β-catenin-binding domain on mXinα is highly conserved among all Xin proteins (49~57.8% identity). In the chicken heart, cXin has been shown to localize to the intercalated disc (13) and to associate with the N-cadherin/β-catenin complex (6) . We have also shown that the mXinβ messages and proteins localize to the intercalated disc of the mouse heart (5). Moreover, an up-regulation of mXinβ at the message and protein levels associated with the targeted deletion of mXinα suggests a functional compensation between mXinα and mXinβ in the heart (5). Thus, it is likely that the β-catenin-binding domains on cXin and mXinβ exist and are also functional. mXinα bundles actin filaments. A previous study with recombinant His-Xin repeats from hXinα has demonstrated that 3 Xin repeats are necessary and sufficient to bind actin filaments, and that the Xin repeats are capable of aggregating actin filaments into loosely packed meshwork (3, 7) . This suggests that the Xin repeats cross-link actin filaments. At saturation conditions, actin to Xin-repeat fragment molar ratio is 4:1 for 16 repeats, 2:1 for 6 repeats or 1:1 for 3 repeats (3). However, using recombinant full-length mXinα in this study, we clearly demonstrate that mXinα aggregates actin filaments into bundles, which can be sedimented at low speed centrifugation (10,000xg for 15 min). This bundling activity is not attributed to the fusion tags on mXinα. Both GST-and His-mXinα show similar bundling activity and GST by itself does not have any actin binding/bundling activity. At saturation, one molecule of His-mXinα binds to 9 molecules of actin monomers. The bundling reaction of HismXinα appears to be concentration-and timedependent, and unlike another actin cross-linking protein, filamin (35), His-mXinα does not crosslink actin filaments into a loosely packed network in all the concentration ranges we tested (the molar ratios of mXinα to actin tested ranging from 2:1 to 1:200) (supplemental Figure 2) . The differences in observed actin binding properties (stoichiometry and cross-linking versus bundling) between the Xin repeats alone and full-length mXinα suggest that a small portion (aa#1-72) of the N-terminal fragment upstream of the Xin repeats and/or the C-terminal fragment (aa#747-1129) downstream of the Xin repeats are also important in terms of organizing the actin cytoskeleton. Neither actin polymerization activity nor G-actin binding activity is associated with recombinant Xin repeats (3) . However, at the present time we do not know whether full-length mXinα has these activities or not.
In yeast two-hybrid cDNA library screenings, we have obtained 2 clones encoding cardiac α-tropomyosin, 1 clone encoding gelsolin, and 1 clone encoding filamin b, in addition to 2 clones encoding different fragments of cardiac α-actin. These aforementioned proteins are known to be actin binding proteins, either functioning to stabilize or regulate actin dynamics and organization in the cells (36) . Therefore, it is likely that full-length mXinα may function through these interacting and actin binding proteins to regulate its bundling activity. In the present study, we have shown that mXinα interacts with filamin b, which is much broadly expressed in many tissues and cells, including heart and C2C12 cells (37), as compared to the striated muscle-enriched filamin c (35) . Since themXinα-a isoform has exactly the same sequence of mXinα, except a substitution of the 2 residues at the C-terminus with 683 residues (5), we expect the mXinα-a also interacts with filamin b. The mXinα/mXinα-a binding site on filamin b appears to be located within aa#2,533-2,603 at the end of filamin b, which also has high amino acid sequence identity (70%) to filamin c. Previously, using muscle-specific Ig domain 20 from filamin c as a bait in yeast two-hybrid screens, van der Ven et al. identified a binding partner containing the last 158 amino acid residues from the hXinα-a (human homolog of mXinα-a) (8) . However, this sequence is not present in mXinα isoform. Therefore, mXinα can only interact with filamin b, whereas mXinα-a can use the same site to bind both filamin b and filamin c, as well as use the extra site to bind muscle-specific filamin c.
The molecular mechanism of actin bundling by full-length mXinα remains to be determined. Using chemical cross-linking assays, it is known that recombinant Xin repeats by themselves do not form polymer to cross link actin filaments (3). On the other hand, using electron microscopy and the iterative helical real space reconstruction to visualize complexes of actin filaments with recombinant Xin repeats, it is reported that the Xin repeats can bind to actin filaments in two distinct modes: in the side mode, residues from subdomains 3 and 4 of one actin protomer and residues from subdomains 1 and 2 of the adjacent actin protomer were the Xin-contacts sites and in the front mode, residues 22-27 and 340-345 of subdomain 1 provide the Xin-binding sites. Thus, each actin molecule contains multiple binding sites for the Xin repeats (7), which together with multiple Xin repeats in mXinα would allow mXinα to bundle actin filaments, in a similar manner as nebulin (38, 39) and nebulette (7) . The data presented here provides insight into the role of mXinα in organizing the actin cytoskeleton and in linking between the adherens junction and the actin cytoskeleton in cardiomyocytes. Future studies investigating these and other mXinα interacting and actin-binding proteins may shed additional light into the precise molecular mechanisms by which mXinα functions in the heart.
We would like to thank Drs. Janne Balsamo and Jack Lilien (University of Iowa) for providing β-catenin, p120 catenin and N-cadherin cDNAs, Dr. Wolfgang H. Goldmann (University of Erlangen, Germany) for providing mouse full-length vinculin cDNA and Dr. Richard O. Hynes (Massachusetts Institute of Technology) for providing mouse full-length talin cDNA. We thank Laura Heise (UI Summer Research Internship program) for her excellent help in immunofluorescence analysis. This work was supported by grant HL075015 from the National Institute of Health. H.W. Sinn was supported by a predoctoral fellowship from American Heart Association Heartland Affiliate. Fig. 1 . Co-immunoprecipitation (Co-IP) of mXinα and β-catenin from adult mouse heart and from purified recombinant proteins. (A) Total extract prepared from adult mouse hearts was immunoprecipitated with mouse control serum, monoclonal anti-β-catenin, anti-N-cadherin, anti-p120 catenin, anti-filamin c, anti-vinculin, or anti-plakoglobin. Western blots on immunoprecipitates were probed with the indicated antibody. Both mXinα and its isoform, mXinα-a are detected in the anti-β-catenin, anti-N-cadherin, anti-p120-catenin, anti-filamin c, and anti-vinculin immunoprecipitates, but not in the control serum immunoprecipitate. β-catenin is detected in the anti-N-cadherin immunoprecipitate but not the anti-plakoglobin immunoprecipitate. (B) Increasing amounts of purified recombinant HismXinα were mixed with GST-β-catenin in binding buffer and subjected to immunoprecipitation (IP) by anti-β-catenin antibody. Western blots (Blot) on the immunoprecipitate were probed with polyclonal antimXinα U1013 antibody to detect co-immunoprecipitated mXinα or anti-β-catenin antibody to demonstrate equal amounts of β-catenin in the immunoprecipitate. An increasing amount of mXinα directly binds to β-catenin. When an mXinα (60 μΜ) to β-catenin molar ratio of 2:1 was used, the copelleted mXinα still increased. On the other hand, the mXinα alone (control) at this mXinα concentration could not be co-pelleted. This result suggests that a molecule of β-catenin can bind at least 2 molecules of mXinα. , a putative nuclear localization signal (NLS), a region with 15 Xin repeats, and a proline-rich region. The deletion constructs include mXinαRΔ-1, mXinαRΔ-2, mXinαRΔ-3 (which represent deletions of the first 8 repeats, the second half, and all 15 Xin repeats, respectively), as well as mXinαCΔ (a C-terminal deletion containing only the first 10 repeats), and β-catBR (β-cateninbinding region). Their relative strengths of interaction with β-catenin, as determined by an X-gal assay are indicated by the numbers of + symbols, and the -symbol represents weak or no interaction. (B) Results of β-galactosidase filter assay for the interaction between mXinα and β-catenin. After cotransformation of bait and prey into yeast AH109 cells, colonies grown on selective media were transferred to a membrane for the X-gal assay. The constructs which lack aa#533-746, including mXinαRΔ-2 (c), mXinαRΔ-3 (d), mXinαCΔ (e), show low β-gal activity, indicating lack of interaction. In contrast, the mXinα (a), mXinαRΔ-1 (b), and β-catBR (f) constructs, which retain this region, demonstrate a high level of β-gal activity, suggesting a strong interaction. The region represented by amino acids #533-746 is both necessary and sufficient for the binding of mXinα to β-catenin. (C) The β-catenin binding domain resides within the CA fragment of β-catBR. The β-catBR region of aa#533-746 was further divided into 4 fragments (CA, AP, PN and CP). Each fragment was subcloned and used as bait in yeast 2 hybrid assay. Only CA and CP containing a common region of aa #535-636 showed strong interaction with β-catenin in the X-gal filter assay. Therefore, the β-catenin binding domain locates within aa#535-636. (D) Comparison of the β-catenin binding domain of Xin proteins from mouse, human and chick. The β-catenin binding domain (aa#535-636) defined on mXinα was used to align all predicted Xin proteins from mouse (mXinβ: AY775570-775572), human (hXinα/Cmya1: AJ626899, hXinβ/Cmya3: Fig. 3 . Actin binding of purified recombinant His-mXinα and GST-mXinα. (A) SDS-PAGE analysis of GST-mXinα and His-mXinα. An actin binding assay was performed based on the co-sedimentation method at 100,000xg centrifugation. Under this condition, both GST-mXinα (tube#7) and His-mXinα (tube# 8) alone remained in the supernatant (S). In the presence of muscle actin filaments, an increasing amount of GST-mXinα (tube#1-3) and His-mXinα (tube#4-6) was co-sedimented in the pellet (P). Numerous minor fragments recognized by anti-mXinα antibody (data not shown) represent degraded products during purification. Particularly, a 100kDa band from GST-mXinα and a 80kDa band from HismXinα are also co-pelleted with actin filaments. The apparent difference in binding affinity between GST-mXinα and His-mXinα may be due to the ability of GST by itself to form dimers (12) (B) Actin binding curve of His-mXinα. The binding of His-mXinα to actin was determined by quantifying stained gels of both supernatants and pellets. The amounts of bound His-mXinα per mole of actin were calculated and plotted against total concentrations of His-mXinα using the SigmaPlot 9.0 computer program. The binding reached saturation at an actin to His-mXinα molar ratio of 9.1:1. 5 . Characterization of actin bundles formed by His-mXinα and GST-mXinα. Electron microscopic images of actin alone (A), actin bundles formed by His-mXinα (B) and actin bundles formed by GST-mXinα (C). From A to C, actin alone (2.4 μM) or actin mixed with recombinant mXinα (0.48 μM) was applied onto a grid, negatively stained by 1% uranyl acetate and then observed under an electron microscope. Bar = 100 nm. (D) The sizes of actin bundles formed by two different concentrations of HismXinα were measured from randomly selected micrographs and compared. The average bundle size (width in nm) was affected by the concentration of mXinα in the mixture, even though actin concentration was kept the same (2.4 μM). black bar, 0.24 μM His-mXinα; shaded bar, 0.48μM HismXinα; * indicates p<0.05 by rank sum test, the error bar represents standard error. (E) Actin filaments that had not been included into the bundles were decorated by His-mXinα, forming 36 nm periodicity marked by arrows. Bar = 100 nm. Fig. 6 . Immunofluorescence microscopy of transiently transfected C2C12 myoblasts. Myoblasts maintained under growth conditions were transiently transfected with pEGFP-C2 vector alone (A), pEGFP-mXinα (B), pEGFP-mXinαRΔ-3 (C), or pEGFP-mXinαCΔ (D). Twenty-four hours posttransfection, cells were fixed and processed for fluorescence microscopy to view GFP-tag protein expression. Force-expressed GFP-mXinα showed diffuse staining, peripheral and stress fiber localizations (B), whereas most of force-expressed GFP-mXinαRΔ-3 (lacking all 15 Xin repeats) were diffusely distributed within the cells with a very few stress fiber localization (C). On the other hand, cells transfected with pEGFP-mXinαCΔ (having 10 Xin repeats but lacking β-catenin-binding domain and the C-terminus) showed much more GFP-signals associated with stress fibers and cell periphery than wild type GFP-mXinα (D), suggesting a possible inhibition of stress fiber localization by β-catenin-binding domain and the C-terminus. The GFP-signal in the cells transfected with empty vector was observed mainly in the nucleus and perinuclear regions (A). Bar = 50µm. Fig. 7 . Immunofluorescence microscopy of CHO cells transfected with plasmids for GFP fused to either full-length mXinα or various mXinα deletion mutants (mXinαRΔ-1, mXinαRΔ-2, mXinαRΔ-3, mXinαCΔ). Transfected cells were processed for immunofluorescence microscopy by counter-staining with anti-vinculin primary antibody and rhodamine-conjugated secondary antibody. Because vinculin is known to localize to the focal adhesion, anti-vinculin stains and GFP signals highlight the presence of the stress fibers (B,D,F,H, and J). Cells expressing either the GFP-mXinα (G,H) or the GFP-mXinαCΔ (I,J) contained many observable stress fibers. In contrast, while cells expressing the GFP-mXinαRΔ-1 (C,D) or the GFP-mXinαRΔ-2 (E,F) exhibited a moderate decrease in the number of stress fibers observed. Most notably, cells expressing the GFP-mXinαRΔ-3 (A,B) were much smaller in size and exhibited a significant reduction in the number of observable stress fibers. These data are consistent with the quantitative data presented in Table 2 . Bar = 25 μm. The interaction between C-terminal deletion mutant mXinαCΔ and actin is stronger than that between full-length mXinα and actin. Yeast cells re-transformed with either mXinα or mXinαCΔ as bait and two independent actin preys were grown on X-gal containing selective plates for the same period of time. A stronger blue color was developed from yeast cells containing mXinαCΔ bait and either actin prey, as compared to the lighter color associated with yeast cells containing mXinα bait and either actin prey. These results imply a stronger interaction between mXinαCΔ and actin than that between mXinα and actin. (B) Results of β-galactosidae filter assay for the interaction between mXinα and several mXinα-interacting proteins. After re-transformation of mXinα bait and various preys into yeast cells, colonies grown on selective media were transferred to membranes for X-gal assay. It appears that mXinα interacts with the extreme Ctermini of filamin b (aa#2,533-2,603) and gelsolin (aa#497-780), as well as tropomyosin, p120 catenin, and vinculin but not talin, all of which contain full protein coding regions. Fig. 9 . Effect of GST-β-catenin on the binding of His-mXinα to actin filaments. An actin binding assay was performed with increasing amounts of His-mXinα in the absence (-) or presence (+) of GST-β-catenin (1.95 μM). After quantification of His-mXinα in the pellet and supernatant fractions, data were plotted using SigmaPlot 9.0. The presence of β-catenin appears to enhance the binding of mXinα to actin filaments. The experiments were repeated three times and representative data are shown here. Fig. 10 . Actin bundle formation was accelerated by the presence of GST-β-catenin. His-mXinα alone or mixed with an equal molar amount of GST-β-catenin (0.24 μM) was incubated on ice for 2 hours. The proteins were then mixed with actin (2.4 μM) and incubated at room temperature. At the time points indicated in the figure, 10 μl aliquots were taken and applied onto grids for negative staining. 50 electron micrographs were randomly captured from each grid. The width of all the bundles in the micrograph were measured and presented by histograms. Black bar, without GST-β-catenin; shaded bar, with GST-β-catenin. During the assay period, the number and size of bundles formed are time-dependent. The bundles formed by mXinα in the presence of β-catenin appear to be more and bigger than that formed by mXinα alone. 
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